PROJECT APOLLO

ATRCRAFT COMMUNICATION RANGE AND DEPLOYMENT
FOR RECORDING SIGNALS FROM THE SPACEVEHICLE
DURING INJECTION

September 10, 1964

Clutts
Grimm
Peterson
. Trecker

. e °

2EQoH

°
3
.
°

SR O

Bell Telephone Laboratories, Incorporated . .

. i T

Work Performed on Behalf of Bellcomm, Inc., for thé
U. S. National Aeronautics and Space Admlnlstrafion
as Part of Task 15 Under Contract NASw-417 -




ABSTRACT

It is highly desirable that conditions aboard the Apollo
spacevehicle be monitored and recorded at the time 1t

is injected into a lunar transfer trajectory. However,
injectlon may take place in an area that is remote from
the ground support network, and for thils reason considera-
tion 1s given to the use of alrcraft for recording voilce
and telemetry transmissions from the spacevehicle., The
recording period considered in nine and one-half minutes,
made up of one minute before the start of burn, five and
one-half minutes during burn, and three minutes after
burn. Both VHF and S-band transmissionswould be recorded.

Based on what appear to be reasonable assumptions, it is
found that two aircraft;, properly stationed and provided
with suitable radlo equipment; can cover the injectilon
period. One would cover the first, or low altitude,
portion of the track, and the other, the last, or higher
altitude portion. Large antennas and low-nolse receivers
are required in the aircraft., Because of launch delays,
and because of the possibility of injecting on any one of
three orblts, it 1s not possible to determine ahead of
time just where the aircraft should be stationed. Thus,
additional aircraft are required rtecause of the rapid
westward movement of the injectlon opportunitles. Five
jet aircraft (not counting spares) would kte needed to
cover 1njectilon on any one of three orbits iIn the Pacific
if the launch azimuth spread in any one day is 1o more
than 26 degrees.
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1. INTRODUCTION

It is probable that the Apollo spacevehicle will not be
within communication range of a ship or shore station at
the time it 1is 1InJected into translunar flight. Never-
theless, 1t 1is 1mportant that conditions aboard the
spacevehicle be monltored during and Just after this
powered phase of the mission. This memorandum conslders
some of the aspects of a proposal that has been made by
NASA to utilize C-135 type Jet aircraft to record communl-
catlions in the remote areas where injectlion may occur.

The communication links studied here are limited to those
required for recording purposes, that 1s, one-way radilo

channels from the spacevehicle to the aircraft. It 1s
degired to record volce and telemetry transmissions during
the approximately five and one-half minute burn perlod and
for about three minutes thereafter. In addition, a record-
ing time of one minute preceding the beginning of powered
flight has been proposed. Thus, the total period of radilo
contact would be about nine and one-half minutes., The stored

information would be analyzed on the ground at a later time.

The information to be recorded will be radlated at VHF and
S-band frequenciles and will origlinate 1n three different
sections of the spacevehicle: the Command/Service Module
(CSM), the Instrumentation Unit (IU), and the S-IVB booster.,
There 1s a total of 10 radlc channels to be recorded, as
follows:

From the Command/Service Module

1 VHF Double-Sideband (AM) Voice Circuit

1 VHF PCM/FM Telemetry Circult at 51.2 kbps

1 VHF PAM/FM/FM Telemetry Circuit

1 Unified S-band Circuit for Voice; Telemetry
(at 51.2 kbps), and Ranging

From the Instrumentation Unit

1 VHF PCM/FM Telemetry Circuit at 72 kbps
1 VHF PAM/FM/FM or SSB/FM Telemetry Clrcult
1 S-band PCM/FM Telemetry Circult at 72 kbps

From the S-IVB

1 VHF PCM/FM Telemetry Circuilt at 72 kbps
2 VHF PAM/FM/FM or SSB/FM Telemetry Clrcuits
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It 1s understood that all of these circults may be used
simultaneously; thus, the recording system must be capable
of handling at least 10 channels. At the present time, 1t
is not known whether the PAM/FM/FM or the SSB/FM system

willl be instrumented for the Apollo LOR mission. The latter
system will perform as well as, or better than, the former
system 1f the carrier-to-ncise ratio in a glven RF band is
above the FM threshoid. On *his basis, the PAM/FM/FM system
has been selected for the transmission studies in this
memorandum.,

It is further understood that the S-band systems will
operate in the 2200-230C mc range, and that the VHF
systems will be allocated frequenciles in the 216-260 mc
range for telemetry, and in the 290-300 mc range for '
double-sideband AM voice.

All systems except the unified S-band (in the CSM) will
have a single mode of operation which will be established
before the misslon. The CSM S-band system may operate in
any one of several modes, It is assumed that there will
be a pre-arranged schedule for the use of these modes; but
with the posslbility of an astronaut override 1f condltions
should warrant 1t. There are three modes that are repre-
sentative of the types of signals that might be generated
during the translunar injection and they have been singled
out for studles of their transmission performances. They
are:

Mode A - voilce and 51.2 kbps telemetry

Mode B-1 - volce, 51.2 kbps telemetry, and
ranging

Mode F - emergency volce

In addition to the analysls of transmission performance of
the varilous radio channels, estimates are made in this
memorandum of the number and location of alrcraft (at 7
nautical miles altitude) required to cover the nine and
one-half minute Injection pericd. Because of launch delays
and orbital flight check-outs, the time and location of
injection cannot be predicted sufficiently far in advance
to statlon alrcraft in the optimum positions. For this
reason, the operational problem has been analyzed and an
estimate made of the minimum number of alrcraft requlred
to cover the injectlon opportunities 1n one ocean area on
a single day.



2. SUMMARY

If a monitoring alrcraft is to receive satisfactory VHF and
S-band signals from the space vehicle, the first requirement
is for a line-of-sight transmission path with some clearance
over the earth. Although an aircraft at an altitude of 7 nm
can be stationed to "see" the spacevehicle for the entire
injection period of nine and one-half minutes, this require-
ment is not controlling. A second, and more basic, require-
ment 1s that the received carrier-to-noise ratios provide
circuits of acceptable quality for voice and telemetry. The
principal items that make it difficult to meet this latter
requirement are (1) the low transmitter powers (in the space-
vehicle), (2) the considerable path loss, (3) limited an-
tenna gain that can be provided in an aircraft, and (4)
severe multi-path fading at low elevation angles because of
the near-unity reflection coefficient of sea water.

The maximum size antennas suitable for C-135 jet aircraft
have been assumed to be a 6-foot dish for S-band frequencies
and an 8.5 x 8.5 foot array for VHF. The gains have been
estimated to be about 30 db and 15 db, respectively. The

use of smaller antennas would seriously affect the conclusions
in the next paragraph - particularly those relating to VHF.

In order to reduce multi-path fading to an acceptable degree
(taken here to be 6 db), it will be necessary to specify a
minimum elevatlon angle between the horizon and the space-
vehicle. If the elevation angle is kept above this minimum,
it will be possible to use the aircraft antenna pattern to
discriminate against ground-reflected radlo waves. This pro-
cedure reduces the allowable distance between the aircraft
and the spacevehicle. If only S-band frequencies were used,
the reduction would be less because of the narrower antenna
beamwidth. However, the VHF system, with its wider anterna
beam, is controlling, and the minimum elevation angle becomes
about 10 degrees. With this limitation, two aircraft, prop-
erly stationed, will ©be needed to cover a specific, 9 1/2—
minute long injection path. The transmission margins for the
various radio circuits at maximum range (occurring three
minutes after the end of burn) are given in the following
table:




Radlo Circuit Approximate Transmis-
VHF | . | sion Margin, in db
Double Sideband Voice (CSM) 7.5
PCM/FM 51.2 kbps Telemetry (CSM) -1.5
PCM/FM 72 kbps Telemetry (IU & S-IVB) 0
PAM/FM/FM IRIG Telemetry (IU & S-IVB) -1.5
S-band (IU)
PCM/FM 72 kbps Telemetry 6.5

Unified S-band (CSM)

Mode A - FM/PM Voice 6.0
PCM/PM/PM 51.2 kbps TLM 0.5

Mode B-1* -~ FM/PM Voice 4.5
PCM/PM/PM 51.2 kbps TLM -1.0

Mode F - Emergency Volce 1.0

(Without Power Amp.)

It should be emphasized that the margins cited above apply
near the end of the 9—1/2 minute recording period. From one
minute prior to burn until about one minute after the burn,
the margins would be at least 6 db greater than listed in the
table.

Two important assumptions have been made in deriving these
results: (1) that radio wave attenuation through the exhaust
plume of the S-IVB will be negligible, and (2) that the
variable RF losses 1n the system (fading, antenna pattern
variations, equipment degradation, etc.% add in a random man-
ner. Results of the Saturn SA-5 test flight tend to support

x"gp" Mode 1-A (ranging only) should not be used with this
"Down" Mode since the margins will deteriorate by about

5.5 db.



the first assumption, but further verification is desir-
able. The transmission situation at maximum range is mar-
ginal at best, and even a few db loss in the rocket flame
could be serious.

With regard to the variable RF losses, if all of them should
maximize at the same time (so that they add arithmetically),
the attainable radio ranges at VHF would be cut in half and
the transmission margins reduced by 6 db. The effect at S-
band would be somewhat less: about 3.5 db instead of 6 db.
On the other hand, if the RF loss variations should be less
than those that have been assumed, the transmission perform-
ance may be expected to be better than that shown in the
table.

Subject to the preceding comments, the conclusion drawn here
is that a specific nine and one-halfl minute injection period
could be covered satisfactorily with two aircraft, but not
with one. The negative margin of 1.5 db for two of the VHF
telemetry channels 1is not believed to be significant; there
would be no sudden transmission impairment, but some fading
may be expected during the final portion of the recording
period.

Two ailrcraft can cover the injection period if the location
of the injectlon path is known sufficiently far in advance -
that is, far enough for the aircraft to travel to the appro-
priate monitoring locations. However, this is not expected
to be the situation, and it becomes necessary to provide
enough aircraft to cover all injection opportunities. Simple
economics demands that the number of aircraft be kept to a
practical minimum.

The basic problem is that the aircraft cannot keep up with
the westward drift of the injection opportunities. To do
this, the aircraft speed would have to equal that of the
earth's rotation at the equator - about 900 knots. The num-
ber of aircraft can be minimized by stationing them between
desirable monitoring locations, and then dispatching them to
one location or the other as the situation requires.

It has been estimated that, for a launch azimuth spread of

26 degrees and for injection over the Pacific Ocean on any
one of three orbits, five alrcraft will be required. This
does not include back-up aircraft. If it can be determined
in advance that injection will occur on one of two orbits,
elther the first and second or the second and third, only
four aircraft would be required. Actually, the latter situa-
tion (second or third orbit injection) could be covered by as
few as three aircraft provided their endurance (time in the
air) is adequate. This 1s based on the distances that must
be traveled between the injection areas and the potential air-
craft bases in the Pacific Ocean,



3. RECORDING SYSTEM

3.1 Recorder-Reproducer

Early in this study, a basic decision had to be made
regarding the form 1n which the signal should be re-
corded. It was accepted that recording on magnetic

tape 1s the most logical choice, but it remained to be
determined 1f pre-~detectlon or post-detectlon recording
techniques should be employed. As discussed in Appendix A,
pre-detection recording appears to be the more advantageous
and is recommended for this alrborne appllcation. The
principal reason is that it permits a reduction in the
amount of equipment carried in the alrcraft. The appendix
also presents the results of a brief survey of existing
pre-detection tape recorder-reproducers. It is found that
there are several types that have sufficient capacity to
record 14 channels for 12 minutes or more. Thils 1s more
than adequate for the 10 channel, 9-1/2 minute requirement;
thus providing tracks for recording AGC voltages, timing
signals, etc,

With pre-detection recording, it is unnecessary to provide
radio terminal or data processing equipment 1n the air-
craft. However, 1n the absence of such equipment, there
may be some difficulty in determining whether or not the
signals from the spacecraft are actually belng received.
Thus, some minimum amount of terminal equlipment should be
provided (e.g., volce receiving equipment), and, in addi-
tion, each channel should be provided with an alarm
circult that recognizes the presence or absence of the
radio signal assigned to 1t.

3.2 OQver-all System

The material in Appendix A has established the basis for
a description of the overall recording system. This 1s
shown in Figure 1. The left hand portion of this figure
lists the communication systems 1n the space vehicle,
The right hand portion shows in block diagram form the

implementation proposed for the aircraft. The general
procedure for handllng each signal is to translate - in
one case, demodulate - the received RF signal spectrum
so that it will fit into the frequency response of one

track of the recorder-reproducer,
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For the VHF signals, the first step of the translation
process would be accompllished by a standard VHF tele-
metry receiver - front end and IF strip. In this step

the signal would be converted to the normal IF frequency
(5 or 10 megacycles). This output would then be con-
verted, or translated, to another IF frequency that is
near the center of the frequency response of the recorder-
reproducer. The latter IF frequency would normally be in
the 600 to 800 ke range with the final selectlon for each
channel depending on the signal spectrum characteristics
and the recorder-reproducer characteristics. For 1nstance,
a narrow band amplitude modulation signal should be re-
corded in the part of the recorder-reproducer's frequency
response where the signal-to-noise ratio and llnearity are
the best., This might be in the upper or the lower end of
the frequency response band depending on the recorder-
reproducer's design. Although a common center freguency
for all channels might make the carrier design easier, the
use of different center frequenciles might help prevent
interference between channels. It wlll be noted that IF
bandwidths are specified for each channel. Present practice
in VHF-PCM telemetry is to make use of standard IF band-
widths of 500, 300 and 100 kc¢. Since IF bandwidth is not
too critical for pre-detection recording, the standard
bandwidth used should be one that covers the spectrum of
the signal plus doppler shift and oscillator drift.

These bandwidths are given in Section 4.5. In most
instances, the demodulation bandwidth used at the ground
station could be made less than thils value by utilizing
carrier tracking techniques,

Recording of the S-band channel from the Instrumentation
Unit would be comparable to the procedure for the VHF
channels; that 1s, the signal would be converted to an IF
frequency within the response range of the recorder, and
then recorded wilthout being detected.

The situation with the Unified S-band system from the CSM
is somewhat more complicated. Since one cannot be sure
when Mode F (Emergency Voice) might be used, and since its
RF bandwidth is within the capabillty of the recorder-repro-
ducer, a separate channel 1s shown at the top of the block
diagram. This signal would be translated 1n the same
manner as the VHF signals, that 1s, no demodulatlon would
take place ahead of the recording process. However, as
discussed in Appendix A, Modes A and B-1l have IF bandwildths
that make 1t necessary to provide one stage of demodulation
before the signal can be recorded. (Alternately, some
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non-standard method of demodulation might be used.)

Since only one of these modes can be used at a gilven time,
a single recorder channel 1s allocated for them. Suc-
ceeding stages of demodulation would be accomplished at
the ground station during the reproducing process.

Other major units in the monitoring system are the multi-
couplers. Since an alrcraft has limited space for gain
antennas, 1t 1s desirable that only one VHF antenna and

one S-band antenna be used. The multi-couplers provide

this capability. Depending on the filtering characteristics
of the front ends of the recelvers and the frequency assign-
ments for the various signals, some additional filtering
might be necessary to isolate the receivers from each other,.

Three other items shown on the diagram are the VHF antenna;
the S-band antenna, and the control system for pointing
the antennas toward the spacecraft. The antennas will be
discussed further in Section /.4,
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4, TRANSMISSION CONSIDERATIONS

4,1 Path of Spacevehicle

While in earth orbit, the Apollo spacevehicle is expected to
be at an altitude of about 100 nm and traveling at a rate of
25,500 feet per second (about 4.2 nm per second). This will

be the approximate situation at the time the SIV-B 1is 1lgnited
to start the spacevehicle on its translunar flight. At the

end of the five and cne-half minute burn period, the altitude
wlll have increased to about 159 nm and the veloclty to about
6 nm per second., Three minutes later the spacevehicle altitude
is expected to be about 345 nm. The path of the spacevehicle,
including the path during a one-minute period before the start
of burn, is shown by the dashed line 1in Figure 2, Time is
counted in minutes from the end of burn as noted on the figure,
A1l distances are in nautical miles,

The altitudes and distances in Figure 2 have been obtalned
from Bellcomm, Inc. and apply to a 324-second burn period.
The total distances covered by the spacevehicle between -6.5
minutes and +3 minutes are gilven in Table 1,

Table 1
Time Approximate Distances in nm
Interval In Space On Surface
-6.5 to -5,5 252 245
-5.5 to O 1630 1550
0 to 43 1035 945
TOTAL 2917 2740

Communication with the spacevehicle must be maintained while
it is covering these distances,

4,2 Line-of-Sight Distances

True Earth, Assume that the aircraft will fly at an altitude
of 7 nm, Using a true earth radius of 3445 nm, the surface
distance to the horizon from a point directly below the air-
craft is 220 nm. The distance (on the earth's surface) from
the spacevehicle at an altitude of 100 nm to the horizon 1s
820 nm. Thus, when a straight line between the alrcraft and
spacevehicle is tangent to the earth, the maximum surface
distance between them is 1040 nm, When the spacevehicle 1is

at an altitude of 345 nm (43 minutes), the corresponding maxi-
mum straight line distance 1s 220 plus 1480, or 1700 nm.
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Refraction, Atmospheric refraction causes a radio ray to follow
a curved path, and thils results in a radio horilzon distance that
1s greater than the straight line distance to the horizon, Fig-
ure 3 illustrates this effect. The additional distance depends
on the amount of atmosphere traversed by the radio ray, the
angle of arrival of the ray, and, of course, on the refractivity
' of the atmosphere at the time and place in question, The great-
est bending takes place at low altitudes (sea level) and at low
angles to the horizon. The amount of bending decreases as the
radio ray clears the earth by greater and greater distances,

A radio wave leaving the earth's surface at a zero degree ele-

vation angle will attain one-third of 1ts total atmospheric

bending by the time 1t reaches a height of about 2,000 feet,
‘ and 1t will have bent two-thirds of the total by about 10,000

feet.1 By the tilme 1t reaches 7 nm, the radio wave will have
attained about 96 percent of the total curvature caused by
tropospheric refraction. These values apply when the refrac-
tive index at the surface is 1.000345, which is the approximate

index over ocean areas at latitudes between 30 and 40 degrees

north,2 The amount of bending (and the index) will be less
in more northerly latltudes and greater in more southerly
latitudes - largely because of the difference in water vapor
content of the atmosphere.

The assumption of an effective earth radius equal to four-
fthirds times true earth radius 1s frequently used for estima-
ting the distance to the radio horizon but 1t 1s a compromise
+that 1s useful only for near-earth appllicatlions., Compared

to the radius of the true earth, the effective "radio radius",
k, varies with surface helight and refractive 1lndex as shown
in Table 2 (extracted from Reference 1),

Table 2
Surface Height Refractive Effectlve Earth
(Above Sea Level) Index Radius (k)
. 0 1.000360 1.6
0 1,000340 1.5
700 ft, 1,000312 1.4
5,000 ft. 1.000250 1.25

10,000 ft, 1.000200 1.18

7 nm, 1,000060 1

1"CRPL Exponential Reference Atmosphere,'" NBS Monograph 4,
National Bureau of Standards, Oct., 29, 1959,

2"Climatic Charts and Data of the Radio Refractive Index for
the United States and the World,'" NBS Monograph 22, National
Bureau of Standards, Nov, 25, 1960,
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A radlo ray entering or leaving the earth's atmosphere at an
angle such that 1t 1s tangent to the earth's surface cuts
through all layers of the atmosphere and thus 1s subjected to
a continually changing refractive index. One way to view
thls is to consider the radio ray as a straight line above

an earth of continually changlng effective radius. As
illustrated in Figure 4, the true earth radius applies when
the ray 1is above about 7 nm., By the time the ray has reached
an altitude of 10,000 feet, the earth's effective radius has
become 1,18, The effective radius continues to increase until
1t becomes about 1.5 at sea level (in the temperate zone),

Maximum Radlo Dlstance. The distances covered by the radilo
ray that arrives at (or leaves) the earth at various angles

of elevation and in atmospheres of various values of refractive
index have been tabulated in Reference 1, Table 3 is based

on this reference and shows the distances to the horizon from
several altitudes of interest for a surface refractive index

of 1,000345, The true earth distances (no bending) are also
included.

Table 3
Altitude Distance to Horizon 1n Nautical Miles
(Transmitter With Atmospheric Bending No Bending
or Receiver) Radio Path On Surface On Surface
7 nm 253 253 220
100 nm 886 871 820
345 nm 1630* 1560% 1480
Between
Altitudes of Total Distance - Nautical Miles
7 & 100 nm 1139 1124 1040
7 & 345 nm 1883 1813 1700
100 & 345 nm 3022 2937 27540
(via a/c at 7 nm)
*Extrapolated

The last line of the table represents the longest track, or
path length, that could be seen from an aircraft at an alti-
tude of 7 nm and applies only 1f the aircraft is directly
under the path., However, since this "visibility" 1s greater
than the distance covered by the spacevehicle during the
communication period (2740 nm from Table 1), it appears pos-
sible to station the alrcraft somewhat to the side of the
spacevehlcle path. This has the advantage of avolding the
need for an ailrcraft antenna that will follow an overhead
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pass. Also, the look angle, or angle between the roll axis
of the spacevehicle and the transmission path, will be larger
and the possibility of flame attenuation wlll be reduced.

The preceding paragraph carried the implication that trans-
mission will be unimpaired when a radio path 1s tangent to

the earth., However, with no earth clearance, free space
transmission cannot be expected, The earth wlll intercept
part of the radio wave and there wlll be losses that cannot

be tolerated in a limited power system such as that 1n the
spacevehlcle, Even with a small amount of clearance there
wlll be transmission difficulties due to destructive inter-
ference between the direct and surface-reflected radlo rays.
As the clearance increases, transmission will improve until
the clearance approximates that for the first Fresnel zone,

at which time the path loss may drop to about 6 db below

that for free space. Of course, with a further increase in
clearance (as the spacevehicle moves toward the alrcraft),

the path loss will increase agaln and then follow the familiar
lobing pattern created by the alternate phasing in and phasing
out of the direct and reflected radio rays.

At frequencies near 300 mc the flrst Fresnel zone clearance
is in the order of 2,000 feet, To achleve this clearance
the maximum surface distances between aircraft and space-
vehicle are estimated from Reference 1 to be as shown in
Table 4.

Table 4
Alrcraft Spacevehicle Maximum Separation - nm
Altitude Altitude Radio Path On Surface
7 nm 100 nm 1100 1085
7 nm 345 nm 1830 1770
Total 2930 2855

Thus, for an overhead pass, an aircraft at an altitude of 7 nm
would be able to "see" a total of 2855 nm (on the surface)

from the first (lowest) lobe of the radiation pattern in one
direction to the first lobe in the opposite direction. This

is 115 nm greater than the track of the spacevehicle during

the desired nine and one-half minute recording period, and

as estimated graphically in Figure 5, permits the alrcraft

to be stationed as much as 400 nm to the side of the burn path.
The maximum surface distance for this situation (aircraft to
Spacevehicle at +3) is 1770 nm. The radio path length is about
1830 nm and the transmission system would have to overcome the
corresponding path loss. With non-directional antennas,

fading due to multl-path transmission would be expected.
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4,3 Path Loss Variations

Multi-Path., The situation shown in Figure 5 for one aircraft
would be satisfactory only 1f the communication link could
tolerate the fading resulting from the interference between
the direct and surface-reflected radio rays at low elevation
angles, Since injection 1is expected to occur over the ocean
(where, with two exceptions,* the reflection coefficient is
nearly unity), radio transmission will experience deep fading
unless the reflected ray can be cut off, At small angles
above the horizon, very narrow antenna beams would be required
to discriminate between the direct and reflected rays - narrower
than are practical in an aircraft installation.

At this point, 1t will be assumed that the spacevehicle-air-

craft radlo systems have enough transmission margin to tolerate
a fade of 6 db. This occurs when the voltage of the reflected

| ZRN I VR )

ray is one-half that of the direct ray, thus leaving (at phase

opposition) a net voltage of one-half that of the direct wave
(down 6db).

An antenna discrimination of 6 db requires the angle between
the reflected ray and the antenna axis to be somewhat more
than half the antenna beamwidth as measured at the 3-db down
points. As discussed later, the beamwidths of the S-band and
VHF antennas on the ailrcraft may be in the order of 5 degrees
and 25 degrees, respectively. The 6-db down angles from the
centerline of the antennas will then be approximately 3
degrees and 15 degrees, For these minimum angles, the maxi-
mum surface distancesbetween the aircraft (at 7 nm altitude)
and the spacevehicle have been computed for several altitudes
and are shown in Table 5.

Table 5
Limiting Surface Distances Between
Spacevehicle Altitude Aircraft and Spacevehicle - nm
in Nautical Miles S-band (3.) VHF (157)
100 860 510
138 1000 640
176 1125 T45
345 1525 1125

The correspondlng elevation angles of the antenna beam center-
line above the horizon (at the limiting distances) are about
2.7 degrees for S-band and about 10 degrees for VHF, Obviously,

*The exceptions apply to vertical polarization over a small
range of elevation angles above the horizon, and to all
polarizations when the sea 1s very rough.
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the VHF radio links are controlling, and the following work
on positioning aircraft will be based on these links. If,
however, all the necessary information is transmitted by
S-band and the VHF channels are not needed at this time, the
maximum distance between the aircraft and the spacevehicle
could be increased as indicated in Table 5, The full in-
crease shown in the table cannot be realized because of the
limitations of the radio transmission system. The maximum
radio communication ranges are evaluated in Section 4.8,

The minimum elevation angles for the aircraft antennas have
been chosen to reduce the effects of two-path propagation
to an acceptable level, A maximum elevation angle should
also be selected 1n order to simplify the antenna scanning
problem. Some types of antennas, such as a large dish antenna
mounted in the nose of an alrcraft, or an electrically-
scanned array installed on the side of an aircraft, may not
be able to scan very high in a vertical plane. The maximum
elevation angle for some types of electronically scanned
antennas appears to be about 30 degrees, and this value

has been used to establish the minimum offset of the air-
craft from the path of the spacevehicle., This is shown

in Figure 5, whereln the dotted line indicates the closest
approach of the ailrcraft to the track of the spacevehicle
without exceeding the 30-degree elevation angle.

With this iInformation, plus the previously derived maximum
distances assoclated with a 15-degree angle between the
direct and reflected VHF radio rays, 1t is possible to
establish the number and locatlon of alrcraft required to
record signals from the spacevehicle for a specific injec-
tion path (not all possible paths). This has been done
graphically,* and, as shown in Figure 5, two ailrcraft

are necessary (not counting spare, or back-up, aircraft).
One aircraft would be stationed at a point 480 nm along the
surface track (from time equals -6.5 minutes) and 176 nm

to the side. The second alrcraft would be stationed 1550 nm
along the track (from -6,5) and 235 nm to the side, It
would not quite be able to "see'" the spacecraft at the +3
point within the 15-degree limitation. As noted in Figure 5,
it misses by about 75 miles, but this converts to only about
one degree of elevation and i1s not a practical limitation,
The radlo distance to the +3 point would be about 1300 nm
and this should be used to determine the maximum path loss.

Tropospheric Fading. If the line-of-sight from the alrcraft
to the spacevehicle 1s at least 10 degrees above the horizon,

*¥Because of the changlng altitude of the spacecraft, the
solution involved a series of successlve approximations,
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the line-of-sight will always be more than 7 nm above the
earth. Fading due to inhomogeneties in the atmosphere should
be very small and only one db fading margin wlll be allowed.
As discussed in the next paragraph, an additional decibel will
be allowed for fading in the ionosphere. The total allowance
for fading in the propagation medium is thus 2 db.

Ionospheric Effects, Refraction occurs in the ionosphere

as well as the troposphere, but to a lesser extent., In thils
case the amount of bending of radio waves is a function of
electron density, collision frequency, radio frequency, and
the angle of elevation above the horizon, Although the
refractive effects would have to be considered in tracking
problems, they appear to be small enough to be ignhored in
communication problems - at least at VHF and higher fre-
quencies,

The ionosphere, in combination with the earthis magnetic
field, can cause a rotation of the plane of polarization

of a radio wave (Faraday effect)., The effect varies inversely
with the square of the radlo frequency and is small above
about two gc. At VHF however, the effect is substantial,

thus requiring the use of circular polarization or, alter-
nately, plane polarization diversity 1in the aircraft,.

Another effect occurring in the ionosphere is phase dis-

3

persion~; 1.e., the phase shift across the RF signal band
may not be linear with frequency. If two components of a
modulated 100 mc carrier are separated by 100 ke, theilr
phase relationship may be changed by the lonosphere, and

at an elevation angle of 5 degrees, this can amount to 180
degrees (during daylight in the temperate zone). This effect
also varies inversely with frequency. At 1000 mec, frequency
components separated by 1 mc may find their phase relation-
ship changed by 90 degrees. It appears, then, that if VHF
is to be used at small angles of elevation, phase distortion
should be expected unless the RF bandwilidth is well below

100 ke, Thus, both phase dispersion and the previous multi-
path conslderations suggest keeplng the transmilission path
significantly above the horizon,

The ionosphere is composed of shifting layers of lonized
gas, and 1t appears that this non-uniformity could result
in transmission variation. Just what fading margin should
be allowed is not known, but at VHF and higher frequencies
only a small amount of fading should be expected. The

3"Introduction to Space Communication Systems", McGraw-Hill,
New York, 1963.
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allowance. made here is one db. When added to the allowance
for tropospheric fading, the total margin for fadilng is
two db.

Flame Attenuatlon. The general theory of signal attenuation

in an exhaust flame suggests that the attenuation should be
quite small when the fuel 1s a mixture of hydrogen and oxygen,
which 1s the case for the S-IVB. In addition, the "look
angle" (the angle between the roll axis of the spacevehlcle
and the radio path to the aircraft) for the geometry shown

in Flgure 5 would be greater than 15 degrees throughout the
burn period, and hence would not pass through the region of
highest ionization density in the plume. It 1s therefore
assumed that the radio frequency loss due to the S-IVB exhaust
during the injection burn will be negligible. There is sup-
port for this assumption in the @xperimental results reported

for the Saturn SA-5 test flight,4 but further verification i1s
desirable.

It is understood that the fuel used for attitude control will
also be a hydrogen-oxygen mixture, and hence attenuation due
to this system should also be negligible.

4.4 Antennas

It is assumed here that the VHF and S-Band antennas on the
Command Module are linearly polarized and have unity gain
except for 3 db losses at some angles in the antenna patterns.
A 3 db polarization loss 1s also assumed because the alrcraft
antennas must be circularly polarized in order to be able to
recelve a signal from the spacevehicle regardless of 1ts
attitude. The total loss will be more than 6 db unless the
spacevehicle is provided with more than one antenna and these
antennas are oriented in different directlons. This 1s be-
cause of the null zones assoclated with any non-directilonal
antenna; for example, in the direction of the axis of a whip
or dipole type of antenna.

It is understood that a horn-type, linearly polarized antenna
of 9 db gain will be associated with the S-Band radio equip-
ment 1n the Instrumentation Unit. However, since the axis

of the antenna beam is expected to be vertical, the radiation
toward the horizon (and the aircraft) will be much reduced.
In order to be useful, the galin cannot be much, if any, below
unity at *75 degrees from the center of the beam and this
gain will be assumed. An angle of 150 degrees subtends the
earth when the spacevehicle 1s at an altitude of 100 nm.

M"Radio Frequency Evaluation of SA-5 Vehicle," NASA MSFC
Technical Memorandum X-53073, June 10, 1964.
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The limited power 1in the spacevehicle, plus the consilderable
path loss at injection ranges, plus various equipment and
fading losses, make 1t necessary to provide gain antennas

on the aircraft for both VHF and S-band radio systems. The
situation 1s such that the gains (and sizes) of these antennas
should be as large as the structure and performance of the
alrcraft will permit.

It is assumed that the aircraft assigned to this mission

will be C-135 jets and that they will permit the installation

of a 6-foot dish antenna for S-band frequencies and an 8.5 x 8.5
foot antenna array for VHF., Because of its size, the latter
would probably have to be mounted on the side of the aircraft,
It follows, then, that the dish antenna should be mounted on

the side of the alrcraft, or, if installed elsewhere, it should

be oriented in the same direction as the VHF array,

The gain and beamwidth of an antenna array are primarily de-
pendent on its over-all size (in wavelengths). Secondarily,
they depend on the number and spacing of the antenna elements
that make up the array. Either a 3 x 3 or 4 x 4 element
array could be used (with different spacings) to obtain a
gain of about 15 db and an accompanying beamwidth of about

25 degrees, However, because of coupling effects, the 4 x 4
array 1s superior from a side lobe standpolnt and has par-
ticular merit when the antenna beam is electronically scanned,
If a 3 x 3 array 1s scanned 30 degrees off normal (from broad-
side), one of the side lobes will grow to the size of the
main lobe and this decreases the array gain. In addition,

the side lobe could point in the direction of the surface-
reflected wave, thus increasing multi-path interference,

The simplest antenna element that will provide circular polar-
ization 1s a pair of crossed dipoles and it will be assumed
here. This should not be understood to rule out the possi-
bility of crossed slot antennas, the radiation characteristics
of which are similar to those of the dipoles, They would have
the advantage of flush mounting, thus minimizing radome require-
ments, It would also be possible to use an array of helical
antennas, Their principal advantage is that they are not as
sensitive to frequency changes as are dipole and slot antennas
and consequently would perform better at the extremes of the
216 to 300 MC range. Because of their length (about 2.5 feet
for a 3-turn helix), they would require a deeper radome.

Both the S-band (dish) and VHF antenna must be able to scan

in a vertical plane, The beam of the former could be swung
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by mechanical movement of the feed, but, because of its size,
the VHF array must be scanned electronically. The maximum
practical scan angle appears to be about 30 degrees,

4.5 RF Bandwidth

The RF bandwidth required by a radio system depends on the
highest frequency in the baseband, the method and degree of
modula tion, oscillator frequency drift and, if there is
relative motion between the transmitter and receiver, on

the amount of Doppler shift, In systems having a narrow
information band, the last two 1tems may make it difficult
to achleve a satisfactory signal-to-noise ratio., Such cases
require automatic tracking of the carrler frequency.

The IF bandwidthse of the several gignals received from the
spacevehicle are listed in Table 6,
Table 6
Radio Channel IF Signal Bandwidth, kc.
VHF AM 3 ke Volce 6
VHF PCM/FM Telemetry at 51.2 kbps 77(1)
VHF PCM/FM Telemetry at 72 kbps 108(1)
VHF PAM/FM/FM IRIG TLM-Top ch. #18 o5(2)
S-Band in IU-PCM/FM Telemetry at 72 kbps (1)
Unified S-Band in CSM
Mode A - FM/PM Voice, and PCM/PM/PM
Telemetry at 51.2 kbps 4810(3)

Mode F - FM Emergency Voice 12

(1) Assumes IF bandwidth 1s 1.5 times bit rate

(2) Assumes top frequency in chan, 18 of 75.25 kc, and a
modulation index of 0.5 for the VHF carrier.

(3) For top modulating frequency of 1,26 mc (voice channel
frequency-modulated on 1.25 mc sub- carrier) and modu-
lazlon index of 0.91, the Carson's Rule IF bandwidth
= 4,81 mec.

(4) No sub-carrier is used. Modulation index of main car-
rier is one,
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The allowances for changes in IF frequency due to Doppler
shift and to oscillator drift are listed in Table 7. The
oscillator stabllities are taken from IRIG standards; thus,
actual equipment performance may be better than these figures

indicate.
Table 7

Frequency Change Bandwidth Allowance - kc

Due to VHF (250mc) S-band (2200me)
Doppler Shift, Pos. +6 +50
Doppler Shift, Neg. -9 -80
Oscillator brirft
Spacevehicle (Trans.) 25 £110
Aircraft (Rec.) 112 +00
Total +43, -46 +182, -212

If the receiver are operated at a fixed frequency, that is,
no tuning during the pass of the spacevehicle, the total IF
bandwidths required are as given in Table 8,
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Table 8

I-F Bandwidth (kc) Required For

Radio Doppler Plus Total-Minimum

Channel Signal Osc. Drift For Recording
VHF 3 kc DSB Voice € 89 95
VHF PCM/FM-51.2 kbps 77 89 166
VHF PCM/FM-T72 kbps 108 89 192
VHF PAM/FM/FM 225 89 314
S-Band in IU 108 394 502
Unifled S-Band in CSM

Mode A - Overall 4810 394 5000(3)
% Step of (1) (1)
emodulation 1260 0 1260
51.2 kbps TLME) 77

3 ke FM Volcel®) 21

Mode F - Emergericy
Voice 12

(1)Carrier tracking required for slgnal recovery.

(E)Bandwidth of signal atout subcarrier on each
side of main carrier., For TLM this 1s 1.5 x
51.2 = 77 ke for volce, M = 2.5 and bandwidth
is 6 (M+l) = 21 kc. The noilse bandwidths are
double these values, or 154 kc for telemetry,
and 42 kc for voice,

(B)Bandwidth of front end of recelver - not for
recording.
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The allowances for Doppler shift and oscillator drift are
substantial; radio system performance could be improved
by the use of automatic tracking of the carrier, either
in the alrcraft or at the ground station analyzing the
. tapes. If carrier tracking is not employed in the air-
craft, the pre-detection bandwidths should be at least
as wide as the totals shown in Table 8. The following
calculations will assume automatic carrier tracking will
make 1t possible to use the narrower IF bandwldths at the
ground stations,

‘ 4,6 RF Losses

The radlo frequency losses (other than those due to free
space) that must be considered in solving the transmlssion
problem are listed in Table 9, along with their assumed
values. The equipment losses for the CSM systems as listed
in North American Aviatlon document SID 62—14525 have been
used as a gulde for the spacevehicle losses., The varilous
fixed RF losses for the alrcraft receiving equipment have
been lumped as indicated by the bracketed quantities.

The table is divided into two sections: 1losses which must
be congldered fixed, and losses whilch are variable. The
latter are segregated to facliitate transmission calcula-
tions for two conditions:

1. Assuming that all the variable losses reach
thelr maximim values simultaneously and must
be added arithmetically. This 1is a conservative
and probably pessimistic case.

2. Assuming the variable losses are randomly related,
in which case the probable total of the wvariable
losses is more nearly an RSS value.

5"Apollo Spacecraft - GOSS Communications Circuit Margins,"
North American Aviation Document SID 62-1452, reissued

August 2, 1963,
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Table 9

RF Losses (DB) Including Fading

VHF S-Band (CSM) S-Band (IU)
Tran. Rec, Tran. Rec. Tran., Rec.,
RF Loss Due To (8/v) (a/c) (s/v) (a/c) (s/v) (a/c)
Filxed Losses
Cable 1.5 1.3 3.0
Mismatch and Connectors 1.3 2,0 0.7 1.0 0.7 1.0
Diplexer or Multi-Coupler 1.7 1.0
Polarization 3.0 3.0 3.0
Total Fixed Losses 4.5 5.0 3.0 4,0 3.7 4,0
Variable Losses
Antenna Pattern 3.0 3.0 0]
Antenna Pointing 0.5 0.5 0.5
Fading 2.0 2.0 2.0
Multi-Path 6.0
Contlngenciles 1.0 1.0 1.0 1.0 1.0 1.0
Total Variable Losses 4.0 9.5 4,0 3.5 1.0 3.5
(Arithmetic Addition)
Total Variable Losses 3.1 6.4 3.1 2.3 1.0 2.3
(RSS Addition)
Total Losses
Arithmetic Addition 23 14,5 12.2
RSS Addition 16,7 10.9 10.2
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4,7 Receiver Noilse

The noilse temperature of a radio system referred to the
input of the recelver can be computed from the formula

Tq T
_ 'S . "A
Teoe == o+ T

(L-1)
sys L + T

o) L R

where

Assumed to be
VHF S-Band

TS = Sky temperature (main antenna

beam), K° 400 25
T, = Antenna temperature (side and
back lobes), K° 40 30
Tr = Recelver temperature, K° 440 170
TO = Temperature of transmission
line, K° 290 290
L = Loss in transmission lire
(expressed as a ratic) 1,58 1,26
o © [
TSys = 825 275

The nolse power denslty for these two situations 1s

- _ <ny-23 _ :
N, = KTSyS = 1,38(10) (825) = -199.5 dbw for VHF
and
_ _ -23 _
Ng = KD oo = 1.38(10)7<°(275) = -204.2 dbw for S-Band
where

K 1s Boltzmann's constant,

The recelver nolse temperatures are based on recelver nolse
figures of 4 db and 2 db, respectively, for VHF and S-Band
equipment., Although receivers with lower noise figures ar:
within the state of the art, they would te of doubtful bene-
fit because of the nolse environment in an alrcraft, Even
the nolse figures of 4 and 2 db will not be controlling
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unless sultable measures are taken to control other noise
sources such as electrical machinery, precipitation static,
and spurlous radiations from on-board transmitters,

The nolse power in the several bandwldths discussed in
Section 4.5 can now be determined and they are given in
Table 10, These values apply to the sigral bandwidth

only and not to the receiver bandwldths which, for VHF,
must include an allowarnce for Doppler shift and osclllator
drift.

Table 1C

Nolse Power in IF Signal

Radio Channel Bandwidths - dbw
VHF 3 ke DSB Voice -161.7
VHF PCM/FM - 51.2 kbps -150,6
VHF PCM/FM - 72 kbps -149.2
VHF PAM/FM/FM -146.0
S-Band (IU) -153,9

Unified S-Band (CSM)
Mode A - Overall -137.0

1 Step of Demodulation(l)

PCM/PM/PM 51.2 TIM -152.3
FM/PM Voice -158.0
Mode F - Emerg. Voice -163.4

(l)Carrier Tracking required.
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4,8 Estimated Maximum Path Length

Only the carrier-to-noise ratios required in the IF bands
are now needed to compute the allowable path loss in each
of the 1links. These ratios, for the VHF links, have been
included in Table 11 along with the other parameters.

The differences between the plus and minus values 1n each
column represent the maximum path losses that can be
tolerated without exceeding the specified error rate or
voice circuit signal-to-noise ratio. The algebralc signs
merely indicate the effect of the various items on the
allowable path loss.

With a single monitoring aircraft, the required radio range
is 1830 nm at 3 minutes after the end of burn, and this

can be met only by the voice circuit, and then only 1f

the variable losses add at random. With two aircraft (using
minimum elevation angles of 10 degrees), the required radio
range is 1300 nm, and for random addition of the variable
losses, this can be met by both the voice circult and the

72 kbps telemetry channel. The other two telemetry circults
come close to meeting the maximum range objective (within
about a db). Thus, it appears that the injection interval
could be covered fairly adequately, even though Transmis-
sion during the last few hundred miles of the post-burn
period might be subject to slightly more fadling than
assumed.

The last line of Table 11 shows the maximum path lengths
that could be expected. It i1s assumed here that the
variable RF losses have been over-estimated and actually
may not exist at all, thus leaving only the fixed losses
shown in Table 9.
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Table 11
VHF PATH LENGTH CALCULATIONS

3 ke PCM/FM  PCM/FM
Voice 51 kbps 72 kbps  PAM/FM/FM

Transmitter Power-DBW 7.0 + 10.0 + 13.0 + 13.0 +

RF Losses, Incl. Fading

Arithmetic Addition 23.0 - 23.0 - 23.0 - 23.0 -~
RSS Addition 16.7 - 16.7 - 16.7 - 16.7 -
Reec Antenna Gain 15,0 + 15.0 + 15.0 + 15.0 +
IF Noise(l) 161.7 + 150.6 + 149.2 + 146.0 +
Required C/N Ratio 1002) 13030 0 1303 11 -
Net Allowable Path Loss, db:
Arithmetic Addition 150.7 139.6 141.2 140.0
of RF losses
RSS Addition, 157.0  145.9 147.5 146.3
Approx. Freqg., nc 300 240 240 240
Max. Path Length, nm:
Arithmetic Addition 1480 515 615 545
of Losses
RSS Addition 3060 1060 1270 1100
No Variable Losses(q) 7000 2430 2910 2540

(l)Extra bandwidth for Doppler shift and oscillator drift
assumed to be eliminated by carrier tracking of the
recorded signals.

(E)This is based on a required audio rms speech-to-rms noise
ratio of 10 db and a modulation loss of 3 db (70 percent
modulation).

(3)

Estimated ratio for one bilt error in (10)° bits with coherent

detection,

n

( )If there were no variable losses (fading, antenna pattern

variations, etec.), the maximum path lengths would be as shown.
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The path loss calculations for the S-band links are shown
in Table 12. Here, it is necessary to know the modulation
indices of the sub-carriers in addition to the required
carrler-to-nolse ratios. These indices have been taken
from Reference 5.

The maximum path lengths derived in Table 12 show that

two aircraft can cover the injection period if the RF
losses add on a random basis - a probable situation.
However, this conclusion is based on the assumption that
the first detector (a phase demodulator) in the Unified
S-band receiver has no pronounced threshold. Rather,
because of the low modulation indices, it performs

more like an AM system and does not '"break! at low
carrier-to-noise ratios. There 1s substantiation for this

view in North American Aviation Document SID-63—10436.
If this should be incorrect, and if a threshold does
occur at a ratio of about 8 db (main carrier power to
IF noise power), the first detector would be operating
below threshold, thus vitlating the results in Table 12.

An alternate plan would be to avoild the conventlonal

first detector (with its very wide noise band) and fil-
ter out speciflc signal bands of interest for demodulation.
For example, one of the first order sidebands of the voice
subcarrier (at 1.25 me * 10.5 kec) could be filtered from
the broad IF band and demodulated in one step instead of
two.

Path length calculations for mode B-1 of the Unified
S-Band system from the CSM have not heen included in

Table 12. This mode differs from mode A in that it in-
cludes a pseudo-random code ranging signal in addition

to the voice and telemetry signals. The ranging signal

is of no direct interest to the aircraft, and presumably
would be present on the down link only if the spacevehicle
were also In view of a ship or land trackling station
during some portion of the 9-1/2 minute period that the
alrcraft is in contact with the spacevehicle. The ranging

6”Semxﬁ Interim Report Apollo Modulation Technique Study",
Nogtn American Aviation Document SID-63-1043, September 3,
1963.
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Table 12
S-BAND (2.3 kme) PATH LENGTH CALCULATIONS

Unified S-Band in CSM

S-Band
Mode A Mode F in IU
3 ke PCM/PM Emergency PCM/FM
Voice 51 kbps  Voice (FM) 72 kbps
Transmitter Power, dbw 13.0 + 13,0 + —7.0(1)— 13.0 +
RF Losses, Incl., Fading
Arithmetic Addition 14,5 - 14,5 - 14,5 - 12.2 -
RSS Addition 10.9 - 10.9 - 10.9 - 10.2 -
Losses - Modulation(?2) 8.6 - 4.7 - 0 0
Rec. Antenna Gain 30.0 + 30.0 + 30.0 + 30.0 +
IF Noise 158.0 + 152.3 + 163.4 + 153.9 +
Required C/N Ratio g3 115" 7.0 - 13.0 -
Net Allowable Path
Loss, db:
Arithmetic Addition 169.9 164.6 164.9 171.7
RSS Addition 173.5 168.2 168.5 173.7

Max. Path Length, nms

Arithmetic Addition 1750 950 990 2170
RSS Addition 2660 1450 1500 2730
No Variable Losses 4180 2280 2360 3640

(1)
(2)

Equals 200 milliwatts. Assumes loss of power amplifiler.

Modulation indices for telemetry and voice subcarriers are
Ml = 1.25 and M2 = 0,91, respectively. The modulation

loss for telemetry is

2 3,2(My) (3% (m) = 2(.803)2(.511)% = .337 = -4.7 db

and for voice it is

2(3)2(y) (3,)2(M,) = 2(.645)2(.409)? = .139 = -8.6 av

(3)This is the FM threshold for a deviation ratio of 2.5,
The threshold occurs at about 10 db when the nolse 1is
measured in twice the baseband width (6 kec).

(M)For a bit error rate of one 1n (10)5 bits.
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signal would originate at a ship or land statlon, either
as.a separate signal in "up"-mode 1-4, or multiplexed
with voilce, data, or both in up-modes 1-D, 1-E, or 1-F,
respectively., Regardless of which up mode 1s used, the
ranging signal reaching the CSM would be translated in
frequency and retransmitted as part of down-link mode B-1,
However, there 1s a difference in the distribution of
power among the ranging, volce; and telemetry signals on
the down link, depending on which up-1link mode 1s used.

Reference 5 reports calculatlions which show the relative
transmission margins for the down-1link voice and telemetry
signals when each of the four up-link options 1s used.
Based on these calculations; 1t appears that the allowable
path loss for mode B-1 would be from one to 5.5 db less
than the wvalues glven for mode A in Table 12, The worst
case (5.5 db less allowable path loss) occurs when ranging
signals only are transmitted on the up link (mode 1-A).
This represents almost a 2371 reduction in transmission
range from the values in Table 12, and hence the 1-A
up-link mode ought not to be used if 1t can be avolded
during the period in question. If one of the other

three up-link modes involving ranging are 1n use, the
transmission performance of the down link telemetry and
volce channels would be degraded by no more than about

1.5 db relative to thelr performance in mode A,
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5. NUMBER AND DEPLOYMENT OF AIRCRAFT

5.1 Assumptions

Based on the geometry shown in Figure 5 for the case of two
aircraft covering the 9.5-minute interval, an analysis has
been made of the number of aircraft that would be required

to cover the injection opportunities on a single day. Assump-
tions used in this analysis are as follows:

1. Launch azimuth is limited to the region 72° to 1080,
based on Reference 6.

2. The maximum spread of launch azimuths on any single
day will not exceed 26° (Reference 6).

3. Ground tracks of the first three orbits for launch
azimuths of 72° and 108° are as shown in Figure 6.
These are taken from Reference 7. Also shown are
locil of injection opportunities throughout a lunar
month, referred to the maximum northern and southern
declinations of the Moon ("Northern Lunstice" and
"Southern Lunstice"). These loci refer to the start
of the injection burn.

4, Injection may occur as early as the first orbit
in the Pacific Ocean and as late as the end of the
third orbit.

5. Aircraft can maintain a speed of 450 knots.*
6. Aircraft are kept informed, with negligible delay,

of the progress of the launch and of any subsequent
events affecting the location and time of injectilon.

6"Appollo Operational Nominal Trajectory Ground Rules,” MSC
Internal Note No. 64-DM-4 by NASA-Manned Spacecraft Centery
March 14, 1964,

Tug Study of Instrumentation Ship Requirements for the Apollo
Program", Bellcomm, Inc., September 14, 1963.

*¥*Although the cruising speed of the C-135 aircraft 1s about
600 knots, it is assumed here that a combination of head
winds, air resistance of large radomes, and maximum loading
of the aircraft (for a 7 nm altitude) may limit the maximum
dependable ground speed to 450 knots.,
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When these assumptlions are applied in conjunction with the
ground tracks shown on Figure 6, it appears that the most
demanding coverage requirement on any one day is in the
viecinity of the Pacific Ocean equator. This area has there-
fore been chosen to illustrate aircraft coverage concepts
and capabilities. More specifically, the inJection burn
opportunities on the day corresponding to the spacecraft's
arrival at the Moon six days after Northern Lunstice (NL + 6)
have been selected for study. The launch azimuth limits
have been taken as 77° to 103°, which is a 260 spread cen-
tered around 909%*, and which appears to pose the greatest
coverage requirement of any 26° spread on the chosen day.

The region selected for analysis is indicated by the cross-
hatched area on Figure 6. The spread of tracks for the first
orbit, corresponding to launch azimuths of 77° to 1039, is
shown 1in magnified form in Figure 7. Contours are indicated
for the start and end of the injection burn, and for one
minute before and three minutes after the burn period. The
locations of a number of 1slands which might serve as bases
for aircraft are also indicated.

Aircraft coverage has been analyzed for three possible opera-
tional plans, as follows:

1. Injection on any of the first three orbilts;

2. Injection on either the first or second orbit;

3. Injection on either the second or third orbit.
Implicit in the second and third plans is an assumption
that the choice between them would be made well enough in
advance of the earliest launch time to permit optimum de-

ployment of alrcraft. If it 1s expected that thils decision
would not be made until nearly the time of launch, aircraft

*The tracks for 90° launch azimuth are not shown on Figure
6. They would lfall approximately midway between the tr:
for 72° and 108°,
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coverage would have to be scheduled 1n approximately the same
manner as for the first plan in order to cover the possibility
of choosing either the second or third optilons.

5.2 1Injection on Any of First Three Orbits

The basic pattern developed to cover injection opportunities
on any of the first three orbits for a given launch azimuth

is illustrated in Figure 8. Ground tracks are shown for a
launch azimuth of 77°. Successive tracks are shifted westward
by the amount of the earth's rotation during one orbit of

the spacecraft, approximately 1-1/2 hours. Thus, at the
equator, the tracks are moved westward approximately 1350 nm
from one orbit to the next. With the surface coverages for
two alrcraft along the burn path, as indicated earlier in
Figure 5, it is seen that four airecraft can cover the three
injection opportunities. To accomplish this, aircraft #2

must cover the early part of a first orbit injection and the
latter part of a second orbit injection. There is adequate
time for this aircraft to move between its indicated positions
for these two orbits. Similarly, aircraft #3 can cover the
early portion of a second orbit injection and the latter part
of a third orbit injection. Aircraft 1 and 4 each have only
one assignment in this situation.

It might be questioned whether or not two alrcraft would be
adequate to cover the situation represented in Filgure 8, one
covering the early part of the injection on each orbit, the
second covering the latter part on each orbit. It can be
demonstrated that this 1s not possible when the aircraft speed
is assumed limited to 450 knots. Aircraft #1, for example,
would require slightly over 2-1/2 hours to move from its

orbit #1 position to the position required for orbit #2,
whereas there 1s only about 1-1/2 hours available.

Effect of Launch Delay. Assume now that the launch
is held. As it is delayed, the desired launch azimuth changes
approximately as shown in Figure 9 (adapted from Figure 4-1
of Reference 7). All potential injection burn tracks then
shift westward, with the net effect that the total area over
which injection can occur i1s greatly increased. This is 11-
lustrated by the tracks for the extreme launch azimuths in
Figure 6. As will be seen, the effect of launch delay is to
increase the number of aircraft from four to five.
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When the spread of 26° in launch azimuth (from 77° to 103°)
is comined with the three injection opportunities for each
launch azimuth, the pattern of injection burn tracks and
desired aircraft movement becomes rather complex, and it is
confusing to try to show the entire pattern on one chart.

An example of the coverage capabiliity of one aircraft (air-
craft #2 in the nomenclature adopted here) is given in
Figure 10. In this illustration, the aircraft 1s assumed
initially stationed at the point "St" at the time the launch
window is opened. The dashed lines indicate the progress

of the aircraft during its mission. Numerals above a line
indicate the time available, 1in hours and minutes, to move
from the starting point or a subsequent station to the next
indicated station. Numerals below a dashed line indicate
the time reguired for the movement, at a speed of 450 knots.
Approximate total mission times can be gotten by adding the
appropriate times along successive segments from the assumed
departure base (Carton Is. is indicated in this case) to a
return base.

The point "St" on Figure 10 is one hour's flight time west
of the position that the aircraft should occupy 1f launch
occurs at the opening of the launch window and injection
occurs on the first orbit. One hour 1s approximately the
time required for the Apollo spacecraft to travel from

Cape Kennedy to this first injection position. If injection
does not occur at this first opportunity, the aircraft has
1-1/2 hours to fly to the position indicated for covering
the latter portion of the second orbit injection. Actually,
the latter movement can be accomplished in only about 44
minutes. If the injection does not occur on the second
orbit, the aircraft is of no further use on this day.

The movement just described applies when launch occurs at the
opening of the launch window, t = 0, and the launch azimuth
is 77°. Assume, now, that the launch is delayed. As soon as
the aircraft is informed of this fact, it should start flying
westward along the dashed line from the point "St". With the
passage of time from t = 0, the required launch azimuth also
changes (see Figure 9) and the potential injection positions
move westward at a rate approximately twice that of the air-
craft. If the launch occurs at any time up to t = 1 hr.,

45 minutes, the relative movements of the aircraft and the
injection tracks are such that the aircraft has time to cover
the early part of a first orbit injection or, subsequently,
the latter part of a second orbit injection. The launch
azimuth at t = 1:45 would be about 90°.
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If launch is delayed beyond t = 1:45, aircraft #2 can no
longer keep up with the westward movement of the injection
tracks. However, as may be seen from Figure 10, this air-
craft's position at t = 1:45 1s still some distance west
. of the position required to cover the latter part of a first
orbit injection. (Aircraft #1 has carried this assignment
for launch azimuths up to 909, and in fact is able to con-
tinue doing so for launches up to about 92° azimuth before
it is over-hauled by the westward movement of the injection
tracks.) At about t = 1:45, assuming the launch is still
being held, aircraft #2's assignment should be changed to
take over the latter part of a first orbit injection. Its.
‘ flight path should now be altered as shown on Figure 10,
! that is, 1t should begin heading toward the final position
for a launch azimuth of 103°. From any point on this path,
‘ aircraft #2 can reach the desired position for covering the
latter parg of a first orbit injection, for launch azimuths
between 92° and 103°.

! It may be noted that if the ailrcraft were not initially
statloned west of the first orbit injection track in "antici-
pation" of a delayed launch, it would be able to cover only
a relatively narrow spread of possible launch azimuths before
being overtaken by the westward movement of the potential
Injection positions.

The deployment of other aircraft has been worked out in a
similar fashion. A summary of the coverage provided by

each 1s given 1in Table 13. Also listed are suggested depar-
ture and return bases for each aircraft, and the approximate
maximum mission times that would result if these bases were
used,

5.3 Injection Limited to First or Second Orbit

Assuming it can be determined well in advance of the scheduled
launch time that inJjection will occur on either the first or
. second orbits, it can be seen from Table 13 that four aircraft
can provide the necessary coverage. Thelr assignments would
be identical to those listed in the table for orbits 1 and 2.

It should be emphasized that the smaller number of aircraft

required under this plan and under the following plan 1s

possible only if the decision regarding the injection oppor-

tunities is made sufficiently early to allow deployment of
. the aircraft to their proper departure bases.
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5.4 Injection Limited to Second or Third Orbit

When injection 1s to be restricted to the second or third
orbits, there is approximately a 1-1/2 hour time advantage
available for moving aircraft to their initial assignments,
relative to the case when a first orbit inJjectlon must also
be covered. This is enough to reduce the required number

of alrcraft to three, as indicated in the top half of Table
14, However, some of the maximum mission times can approach
10 hours when only three aircraft are used. The bottom half
of Table 14 indicates the assignments and maximum mission
times that would apply if four aircraft were used instead

of three.

5.5 Departure and Return Bases for Alrcraft

As 1s evident from the illustration of Figure 10 and the

data 1in Tables 13 and 14, an extremely important factor in
total mlssion time is the availability of suitable takeoff
and landing points, If operations were restricted to the
larger, well-developed bases like Hawall and Guam, some of
the required mission times almost surely would be greater
than the capability of C-13%2 type Jet aircraft. In general,
the bases indicated in Tables 13 and 14 have been selectegd

to require minimum time to reach initial station assignments,
but it i1s not known whether all the bases listed can accom-
modate Jet aircraft. Preferred return bases have been chosen
as those where good communication facilities to the U.S.
should be available. Since these are in many cases several
hours flight time from an aircraft's coverage assignment,

it might be considered preferable to land at a base having
poorer communication facilities in order to shorten the total
flight time.

5.6 Coverage on Successive Days

If an Apollo launch 1s held from one day to the next, the
injection opportunities move northeastward along the parking
orbit tracks as indicated on Figure 6. The spread in latitude
between the loci of injection burns from day to day becomes
progressively smaller, while the spread in longifude covered
by each locus is relatively constant. Furthermore, there is
slightly more time between launch and the first injection
opportunity during which to move aircraft. These are the
bases for the earlier statement that the coverage requlrements
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near the equator appear to be the most demanding. It follows
that the aircraft requirements on other days of the month
probably would be no greater than on the day chosen for analy-
sis, NL + 6, However, 1t is felt that a more detailed study
of the coverage on several other days during the month even-
tually would be worthwhile to confirm this conclusion, and

in any event such a study 1s needed to determine the spe01fic
aircraft deployment for each day. In conductlng such a study,
one should take into account the following factors:

1. The launch azimuths appropriate to a particular day;

2. Availability of suitable air bases in the area
under consideration for a given day (conceivably,
additional aircraft might be needed on some days
to reduce mission times to acceptable lengths);

3., Time available to move aircraft from one base to
another on successive days;

4, Supplementary coverage that might be provided by
land stations or ships.
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APPENDIX A

RECORDING SYSTEM

PRE-DETECTION VS. POST-DETECTION

This appendix reviews the merits of pre-detection and
post-detection recorder-reproducers and concludes that
the former 1s more sultable for the alrborne application.,
It also contains the results of a brief survey of exist-
ing, magnetic tape, pre-detectlon recorders,

Since immedlate analysis of the signals from the spaceve-
hicle is not required, it i1s not necessary to provide
demodulation, baseband terminal, or data processing
equipment 1n the aircraft. This makes it possible to
employ the pre-detectlon recording process in the ailrcraft,
thus providing a fairly obvious advantage: the amount of
equlpment to be carried in the alrcraft is much smaller
than for post-detection recording techniques. A decrease
in the quantity of equipment should increase the opera-
tional range and on-station time of the ailrcraft. These
are lmportant factors when considering the deployment of
an alrcraft for thils particular mission.

Another major advantage of pre-detection recording is

that 1t provides an opportunity to employ optimum
demodulation* techniques on the recordings at a ground
statlon. On the ground there are not the space, and

hence equipment, limitations which might restrict one to
simple demodulation techniques. Such techniques necessitate
some demodulation loss relative to the optimum that might
be obtalned with more sophisticated, and usually more
complicated, equipment., The possibility of adjusting to
the demodulation technique that is most effective in com-
bating the propagation conditions under which the signal
was recorded 1s very appealing. Certalnly some analysis

of the recording on the ground would produce some charac-
teristics of the signal that would assist in selecting the
best means of extracting the signal from the modulated
carrier. For instance; the Doppler shift of the signal
might be ascertained and the center frequency of the
recelver might be programmed to account for it, This would
enable one to keep the noise bandwidth within the IF signal
bandwidth,

*"Demodulation” is used in a broad sense; "signal retrieval"
might be a more descriptive term.




Primarily from the vlewpoint noted above, advocates of
pre-detection recordlng techniques point out that, with

such techniques, the output signal-to-noise ratio can be
Improved over what would normally be achleved in a

standard telemetry receiver., As much as 3 db of "system
threshold improvement” is quoted when optimum demodulation
is used., One manufacturer claims that even when a standard
receiver 1s used as the demodulator for the pre-detection-
reproduction process; a 6 db improvement in the FM threshold
of subcarriers on FM/FM systems was provided in evaluation
tests, Thls improvement was attributed to the fact that

the signal was passed through the receiver IF limiter stages
two times: once during the recording process and the -
second time during the reproduce process, The conclusion
from the above seems to be that standard telemetry recelvers
are not designed to provide optimum detectlon of every
slgnal, Hence, the pre-detectlon recording and reproduction
technique along with optimum demodulation at a ground sta-
tion might provide a 6 db improvement in present system
operation.

Another advantage polnted out by the manufacturer is that
pre-detection systems have an inherent immunity from tape
dropout caused by 1lrregularities in the magnetic properties
of the tape., They report that data can be recovered even
during a 90 per cent tapsz drcpout. They also note that the
dropout must be large enough to cause loss of 4 to 6 cycles
of the carrier before degradation to the data occurs.

Operationally, pre-detection provides a versatility and
flexibllity that post-detecticn cannot; for example, most
telemetry signals can be recorded on a pre-detection basis
without special concern for the format of the data messages.,
Alrcraft so instrumented could be used for a variety of
missions and projects,

RECORDER SPEED AND BANDWIDTH

The consilderations above lead to the conclusion that
pre-detection recording has many desirable advantages,

but the question still remains; "Will it meet the require-
ments for the airborne recording of the Apollo spacevehicle's
communications," The answer to thls comes from a survey of
the capabilities of pre-detection recording equipment.
Table A-1 describes five recorder-reproducers on which
information was readily availlable. The characteristics
noted are those which have a direct bearing on the general
flexibility of this particular applicaticn., Other
characteristics, such as power requirements, welght,
operating temperature range, wow and flutter, dynamlc skew,
rewind time, input and output levels, etec. will have to be
considered in the detalled englneering phase,
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It 1s found that each of them can record up to 14 channels
simultaneously (on one inch tape) and this is more than
adequate for the eleven-track requirement. The minimum
recording time for the recorder-reproducers is 12 minutes,
which 1s ample for the maximum radlo contact period of
9-1/2 minutes. Mylar tape of one mil thickness (9,000 feet
on 14" reels) would have to be used on the Fairchild L-4000
to provide adequate recording time. However, all other
equilpments could use either 1-1/2 mil (7200 feet on 14"
reels) or one mil tape.

The bandwidth capabllity of the recordlng channels in the
several equipments is about 1.5 mc and thils 1s sufficient
for all of the VHF charnnels and the IU S-band channel. In
the case of the CSM Unified S-band system, one step of
demodulation is required to reduce the signal bandwidth
below 1.5 me. The IRIG Telemetry Standards Revised June,
1962, states that the bandwidth of the modulated carrier
from a telemetry transmitter in the band 216 to 260 mega-
cycles shall not exceed 500 ke, Channel allocations are
based on this premise. Therefore, the 1.5 me bandwidth
reported for the recorder-reproducers listed in Table A-1
1s more than adequate for handling the VHF and the IU
S-band channels.

The case of the Unified S-band System 1s another story,
principally tecause we must examlne each of the possible
modes of operation and determine the character of its
frequency spectrum., In mode F (emergency voice) the
carrier is directly frequency modulated by the voilce with
a modulation index of 1,0 radian. Accordlng to Carson's
rule, the approximate RF, or IF, bandwidth is:

Bip = 2D (M+1)

where t = wldth of baseband, 3 kc
and M = modulation index

With a voice baseband of three kc, the minimum bandwidth

of the spectrum would b2 12 ke. Even with a large allowance
for the Doppler effect when communicating with fast moving
objJects this bandwidth can easily be accommodated on the
tape recorder,
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In the cases of modes A and B-1, the highest subcarrier

(1250 kc) must be used to estimate the bandwidth. This
subcarrier 1s to be frequency mcdulated by the 3 kc voice
baseband with a modulation index of 2.50 radians (that is,

a peak frequency deviation of 7.5 kc). Using Carson's

rule again, the slgnal bandwldth would be about 21 ke and
would extend from 1239.5 ke to 1260.5 ke, The latter

value represents the highest frequency in the subcarrier's
spectrum. In modes A arxd B-1l, the main carrier is to be
phase modulated by the sukcarriers and the ranging signal

at low modulatlon indices. All significant components of the
RF spectrum will be contained within a band equal to two
baseband widths con each side of the carrier, This amounts

to about filve mc and is well beyond the capabilities of the
recording equipment, However, after one step of demodulation
the multiplexed subcarrier baseband (highest frequency about
1,26 mc) fits within the frequence response specification of
all except one recorder, Hence, S-band signals from the CSM
will require a phase demodulator in the alrcraft.

Slnce the modulated signal has a number of components with
definite phase relationshlps between them, and particularly
since the highest S-band slgnal compcnents come close to

the upper edge of the record-reproduce frequence response
bandwidth (1.5 me), the envelope delay dlstortion of the
recorder-reproducer must be kept under control. At the

time of the survey only one envelope delay curve was avall-
able (CM10OO). Although no difficulties are anticipated in
obtaining an adequate envelope delay distortion characteris-
tic, this should be examlned in more detail,
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